Abstract Laser tissue welding and soldering is being increasingly used in the clinical setting for defined surgical procedures. The exact induced changes responsible for tensile strength are not yet fully investigated. To further improve the strength of the bonding, a better understanding of the laser impact at the subcellular level is necessary. The goal of this study was to analyze whether the effect of laser irradiation on covalent bonding in pure collagen using irradiances typically applied for tissue soldering. Pure rabbit and equine type I collagen were subjected to laser irradiation. In the first part of the study, rabbit and equine collagen were compared using identical laser and irradiation settings. In the second part of the study, equine collagen was irradiated at increasing laser powers. Changes in covalent bonding were studied indirectly using the sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) technique. Tensile strengths of soldered membranes were measured with a calibrated tensile force gauge. In the first experiment, no differences between the species-specific collagen bands were noted, and no changes in banding were found on SDS-PAGE after laser irradiation. In the second experiment, increasing laser irradiation power showed no effect on collagen banding in SDS-PAGE. Finally, the laser tissue soldering of pure collagen membranes showed virtually no determinable tensile strength. Laser irradiation of pure collagen at typical power settings and exposure times generally used in laser tissue soldering does not induce covalent bonding between collagen molecules. This is true for both rabbit and equine collagen proveniences. Furthermore, soldering of pure collagen membranes without additional cellular components does not achieve the typical tensile strength reported in native, cell-rich tissues. This study is a first step in a better understanding of laser impact at the molecular level and might prove useful in engineering of combined collagen-soldering matrix membranes for special laser soldering applications.
Introduction
Laser-assisted tissue welding has been subjected to investigations for surgical applications over the last three decades. Improvements in the quality of tissue welding were obtained by adding a tissue solder usually containing a dye such as indocyanine green (ICG) for light absorption and proteins, mostly serum albumin. Successful laser tissue welding and soldering is based on thermal tissue alteration, wherefore the quality of tissue fusion depends on the extent of the thermal injury [1] [2] [3] [4] . Optimal tissue soldering with laser would allow in an ideal case a sufficient surgical tensile strength with only minimal immediate and longterm tissue denaturation. To achieve this goal and improve laser soldering towards clinical application, a better understanding of the nature of the bonding is necessary [5] . This knowledge would allow further improvement in solder contents and consistency, thus avoiding detrimental inhomogeneous solder deposition [6] . To date, the laserinduced conformational alterations of collagen molecules have been believed to be the main effect of laser irradiation on tissues, leading to the observed tensile strengths. Two mechanisms have so far been discussed [7] [8] [9] : interdigitation of collagen fibrils as seen on electron microscopy studies, suggesting changes in the 3-D conformation of the molecules, and the induction of new covalent bonds between collagen molecules. The studies analyzing the covalent forces after laser irradiation using the sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) technique were performed with collagen-rich substrates containing more or less cellular components. The reported results have been so far controversial [8, 10, 11] , most likely due to the simultaneous use of protein solder and complex multicellular tissues. The aim of the present study was to analyze the impact of laser irradiation on 100% pure cell-free collagen molecules, using ICG for light absorption without albumin solder.
Materials and methods

Collagen types
For analysis, purified rabbit collagen type I (Sigma Aldrich, Buchs, SG, Switzerland) and pure equine collagen type 1 membrane (Baxter Germany, Heidelberg, Germany) were used.
Laser irradiation system and laser dye absorber An 808-nm gallium-aluminum-arsenic diode laser with a maximal output power of 50 W (Fisba Optik, St. Gallen, Switzerland) was used. Light delivery was done using a multimode low-OH quartz fiber, with a core diameter of 400 μm. As laser light absorber, a 0.1% ICG liquid solution provided by Acros Chemie Janssen Pharmaceuticals (Geel, Belgium) was used. The laser irradiation time was 20 s for all experiments performed in this study unless otherwise specified.
Thermal measurements
To measure the maximum temperature obtained during welding, a calibrated thermal camera-Radiance HS (Raytheon, Massachusetts, USA)-was used. Camera control and data recording were done with Image Desk II software. For further data processing and analysis, we used an IDL 6.2.
Experimental design
In a first series of SDS-PAGE (SDS-PAGE 1), pure rabbit collagen type I and pure equine collagen type I were studied before and after laser irradiation and for interspecies variation. The collagen was natively imbued into the ICG solution for 2 h and then subjected to the laser irradiation (Table 1) . Four samples were thus obtained and processed according to the SDS-PAGE protocol.
In a second series of SDS-PAGE (SDS-PAGE 2), pure equine collagen was imbued in the ICG solution for 2 h and thereafter subjected to various irradiation with increasing laser power ( Table 2) .
SDS-PAGE protocol
Collagen samples (1 mg) were dissolved in 3 ml sodium acetate 0.5 M, in a water bath at 37°C under stirring. The SDS-PAGE procedure was performed according to the method of Laemmli [12] . Briefly, a separating gel consisting of a polymerization of acrylamide 8%, TrisHCl 1.5 M, pH 8.8, 120 μl ammonium persulfate (APS) 10% and 10 μl tetramethylethylenediamine (TEMED) was used. The stacking gel consisted of a solution of acrylamide 5%, Tris-HCl 0.5 M, pH 6.8, 120 μl APS 10% and 10 μl TEMED.
Once the gels were cast, an amount of 20 μl of collagen solution was mixed in a ratio of 2:1 with bromphenol blue solution and heated in a water bath at 95°C for 10-20 min. The samples were loaded into the gel slots and the migration started, initially at 75 V for 10 min and subsequently at 150 V for 90 min. At the end of the migration (when 50 kDa standard protein reached the bottom of the mini-gel), the SDS-PAGE-separated proteins were stained for 4 h by using a Coomassie Blue solution containing 0.025% Coomassie Brilliant Blue R250, 50% methanol, 7.5% acetic acid and subsequently destained with a solution containing 7.5% acetic acid and 10% absolute ethanol, under gentle translational movements at room temperature. Welding experiments and tensile strength measurements
The welding experiments were performed using two pure collagen membranes of the size of 1×0.5 cm each. The area of interaction was 0.5×0.5 cm. For welding, the liquid ICG solder without and with albumin was used. The irradiation area corresponded to 0.2 cm 2 . Temperature was measured from above at the irradiation area.
To measure the tensile strength, a test stand equipped with a fixed force gauge (BFG50, Mecmesin, GB) and a moving table was used to pull the two welded and soldered tissue samples apart. The maximum force was measured in Newtons during the pulling process.
Results
SDS-PAGE 1
No changes were observed in the distribution of the bands when comparing the non-irradiated with the laserirradiated pure rabbit type I and pure equine type I collagen (Fig. 1) . Two most pronounced bands were observed between 100 and 150 kDa as compared to the standard in all studied samples. No new bands appeared after laser irradiation.
SDS-PAGE 2
No changes were observed in the distribution of the bands when comparing the non-laser-irradiated with the laserirradiated pure equine collagen using increasing laser power irradiances (Fig. 2) . Again, the two most pronounced bands appeared between 100 and 150 kDa.
Tensile strength
Virtually no adherence of the pure collagen layers was observed after laser irradiation. The tensile strength of the laser-welded pure equine collagen membranes was practically inexistent irrespective of the applied laser powers and irradiation duration. Adding albumin had no effect on tensile strength.
Discussion
Although laser tissue welding was first described as early as 1964 [13] and has since been intensely investigated, the exact mechanism of tensile strength remains unclear. The impact of laser irradiation on collagen-believed to be mechanically involved-is controversial to date. However, in order to further optimize the laser soldering technique and to bring it in reach of new clinical applications, the role of the collagenous membranes and especially their role in tensile strength induction necessitate further investigations. The basic question whether collagen is or is not by itself responsible for the induction of the laser-induced tensile bonding was addressed in this study. In reviewing the literature, various hypotheses on the role of collagen can be found. In previous studies, the collagen structures analyzed were impure in that the collagen was embedded between multiple cellular structures, and its contributing percentage in these combinations varied depending on the chosen tissues. To date, it remains unclear to what extent the collagen molecules are involved in the gain of mechanical strength, and whether covalent bonding alterations are solely responsible for laser tissue soldering. In a SDS-PAGE study of non-pure collagen tissue, Bass et al. [8] reported no changes in band distribution after laser irradiation. In contradiction to these findings, Murray et al. [10] reported the appearance of a new band in the SDS-PAGE of argon-laser-welded guinea pig skin. This band had to result from a newly formed high-molecular-weight protein, enforcing the hypothesis on covalent bonding as the mechanical basis of laser welding and soldering. These contradictory findings might have a simple explanation: Both Bass et al. and Murray et al. did not study pure collagen molecules. Their findings therefore do not reflect the sole interaction of laser with pure collagen but with various combined, cellular, collagen-rich tissues. Although collagen is responsible for the cross-linking in living, unirradiated tissues, the results of the current study raised questions about the nature of the binding forces induced by laser welding or soldering. These results challenge further the postulated (and so far unproven) role of collagen in successful tensile strength induction after laser-induced tissue connection. Finally, the SDS-PAGE findings after thermal denaturation of pure collagen show no changes in the collagen structure, thus allowing the assumption that forces other than the covalent bonding of collagen molecules are responsible for successful laser tissue welding.
3-D conformation changes of collagen molecules
Different study groups have analyzed the 3-D conformation of laser-irradiated tissues, reporting either a loosening and some sort of interaction between collagen strands [9] or an unraveling of collagen bundles and subsequent partial interdigitation [14] . Although undoubtedly existent, the reported changes as well as the loss of the birefringence in the phase contrast light microscopy remain descriptive in nature and cannot be used on their own to quantify the responsible forces in laser tissue welding and soldering. The presented results from the SDS-PAGE on pure laserirradiated collagen show no such molecular breakdown or molecular neo-formation, which would be reflected in a new band formation.
Tensile strength in laser collagen welding and soldering
The observations made in this study by the SDS-PAGE lead to the conclusion that pure collagen alone is not responsible for tensile strength induction in laser tissue welding and soldering. These findings parallel other experimental results in which laser tissue welding and soldering was less successful when used in tissue with low cellular/matrix ratio like tendons [8, 11, 15] . The tensile strength measurements performed in the current study support the above literature findings, in that pure collagen membrane fails to reveal any adherence at all when connecting with laser.
On the other hand, laser tissue welding and soldering with high cellular/matrix ratio in tissues like skin, blood vessels, intestinal submucosa and kidneys demonstrated a superior tensile strength upon laser tissue welding [4, 5, 9, 10, [15] [16] [17] [18] [19] [20] . These observations raise the question whether intracellular cytoplasm components might be the one delivering the necessary "ingredients" for tensile strength induction in thermal tissue connection.
The role of albumin in tensile strength augmentation Although albumin has been used as an adjunct for improving tensile strength, it failed to show any benefit in the soldering of pure collagen membranes. Histological analyses of tissues after laser soldering in combination with albumin showed albumin to penetrate the cell-rich vessel layers into the media interdigitating with the tissues.
Superior laser tissue soldering results are thus achieved in highly cellular tissues possibly because of a more lax structure of the extracellular matrix, allowing a better interdigitation with the solder. Cell-rich tissues can additionally offer the assumed advantage of additional intracellular proteins that could create non-covalent bonds with the solder and increase the post-irradiation tensile strength.
Conclusion
The results of this study suggest that laser irradiation of pure collagen at irradiation parameters used for laser tissue welding and soldering does not influence covalent binding in the irradiated collagen molecules.
Pure collagen can neither generate alone nor in combination with albumin solder the tensile strength observed in combined cell-rich tissues upon welding or soldering.
Whereas the collagen matrix may have a scaffolding role for the actual binding forces, a cellular component appears to be indispensable for successful laser tissue soldering. Further investigations with engineered and controlled tissue seeding on pure collagen matrices will possibly allow the optimization of further solder materials for clinical applications.
